Background: Plant derived compounds have provided proming leads in search for safer anticancer chemotherapies. Zanthoxylum zanthoxyloides is a common medicinal plant in Uganda whose bioactive composition has not been fully elucidated. The aim of this study was to evaluate the in vitro antiproliferative potential of compounds isolated from Zanthoxylum zanthoxyloides and their probable in silico anticancer mechanisms of action. Methods: Column chromatography was used to isolate compounds from MeOH:CH 2 Cl 2 (1:1) extract of the stem bark extract of Zanthoxylum zanthoxyloides. The structures of the isolated compounds were elucidated by NMR and MS analyses. MTT assay was used to measure cell viability. Using in silico docking, the interaction of the compounds with key target proteins in the p53 pathway was determined. Results: From the root bark of this plant five compounds were isolated, namely; dihydrochelerythrine (1), skimmianine (2), tridecan-2-one (3), sesamin (4) and hesperidin (5). Dihydrochelerythrine (1) inhibited proliferation of liver cancer (HCC) cells (IC 50 21.2), breast cancer (BT549) cells, (IC 50 21.2 μM). Similarly, sesamin (4) exhibited moderate inhibitory activity against BT549 cancer cells (IC 50 47.6 μM). Hesperidin (5) showed low inhibitory activity against A549 and HEp 2 (Larynx) cells but was significantly toxic to normal liver and lung cells.
INTRODUCTION
Cancer is a deadly disease, characterized by the uncontrolled multiplication of body cells. International Agency for Research on Cancer (IARC) statistics approximated 18.1 million new cases of cancer and 9.6 million deaths in 2018. Cancer cases are projected to rise from 18.1 million in 2018 to 29.5 million in 2040. The most common cancers diagnosed among men and women are lung, prostate, breast, colorectal, liver and cervical cancer. 1 Chemotherapy, surgery and radiotherapy are the standard techniques in cancer treatment and management. 2 All these conventional therapies are expensive to the common man and often laden with major side effects. In many cases, recrudescence occurs due to aggressive metastasis leading to resistance to chemo-and radiotherapies. 2 In cases where surgery has been used to remove cancerous tumors, only cancer follicles are removed leaving behind free cancer cells which are often the origin of relapse. 3 Medicinal plants have shown to be potential sources of alternative drugs for cancer treatment and management. The early discovery of alkaloids such as vinblastine and vincristine from the Madagascan plant Catharanthus roseus captivated the search for plant-derived compounds for cancer treatment and management. To date, several natural products and their derivatives have successfully been used in cancer chemotherapy. 4 Thus, this study sought to determine the anticancer potential of secondary metabolites from Zanthoxylum zanthoxyloides Lam (Family Rutaceae). The genus Zanthoxylum consists of over 200 species widely distributed along the tropics with 35 species found in tropical Africa. 5, 6 Among the different Zanthoxylum species, Z. zanthoxyloides is the most common species in Uganda, where a decoction from the root-bark is used traditionally to treat elephantiasis, toothache, sexual impotence, gonorrhea, malaria, dysmenorrhea and abdominal pain. 7 Elsewhere in Cameroon, extracts from different parts of Z. zanthoxyloides are indicated in the treatment of urinary tract infections, dysentery and sickle cell anemia. 8 Previous reports indicate the isolation of divanylloylquinic acids, amides, acridone, fluoroquinolone and benzophenanthridine alkaloids from the roots and fruits of Z. zanthoxyloides. [8] [9] [10] Despite the presence of phytochemical reports on the genus Zanthoxylum, investigation of the anticancer effects of compounds from Z. zanthoxyloides is limited. Where biological activities have been reported, they relate to the activity of crude extracts and, in most cases the activities have been tested on either a fewer number of cancer cell lines or other diseases. [9] [10] [11] [12] In this study, therefore, we report the secondary metabolites isolated from the root bark of Z. zanthoxyloides, some of which show good antiproliferative activity against a panel of cancer cell lines. In a bid to understand the anticancer molecular mechanism, the isolated compounds were evaluated against target proteins/genes in the p53 pathway through in silico docking studies. Protein 53 (p53) is a tumor suppressor that functions to eliminate and inhibit the multiplication of abnormal cells through induction of apoptosis, cell cycle arrest and senescence. 13, 14 Normally, p53 is inactivated in cancerous cells as a means of evading apoptosis. 15, 16 Studies have shown that the p53 pathway is activated in the presence of stress factors in cells such as UV radiation, free radicals or expression of activated oncogenes. 17 Accumulation of p53 has been shown to occur upon DNA damage, which in turn causes cell cycle arrest or apoptosis of the affected cells. 15 MDM2 (murine double minutes-2) protein which is an E3 ligase binds p53 and regulates the functions of p53 through a negative feedback loop. 16 The negative feedback mechanism operates in such a way that an increase in nuclear p53 concentration activates MDM2 which in turn blocks the p53 transactivation domain targeting p53 for degradation. 13, 16, 18 Inhibiting p53-MDM2 interaction would thus activate p53 and thus induce cell-cycle arrest and apoptosis. The various functions of p53 are also mediated by a number of downstream targets some of which include the p21 WAF1/CIP1 and CDKs (CDK2, CDK6) genes involved in cell cycle control and Bcl-2 family proteins involved in programmed cell death. Secondary metabolites from different plants have been shown to have a modulatory effect on the expression and function of the p53 gene as well as some of the downstream targets in the p53 pathway. 19, 20 Referring to the in vitro antiproliferative activities of the isolated compounds from Z. zanthoxyloides, we reasoned that these compounds may inhibit cancer cell proliferation by blocking some of the molecular targets in the p53 pathway. Therefore, in silico docking studies were carried out to understand the probable anticancer mechanism of action of the secondary metabolites isolated from Z. zanthoxyloides. The proteins in the p53 pathway evaluated herein included MDM2, cyclin-dependent kinases (CDK2 and CDK6), p21 WAF1/CIP1 , anti-apoptotic protein Bcl-2 and caspases (caspase 3 and caspase 8).
MATERIALS AND METHODS

Plant Collection and Processing
The root bark of Z. zanthoxyloides was collected from the hills of Ngora in Ngora district, Eastern Uganda in the month of January 2017. The plant was authenticated by Mr. Patrick Mutiso Chalo, a botanist at the Herbarium, School of Biological Sciences, the University of Nairobi, where a voucher specimen (Voucher number: AM/2016/02) was deposited. The samples were air-dried in the shade for 2 weeks and ground into powder.
Phytochemicals
The phytochemicals used in this study were isolated from MeOH/CH 2 Cl 2 (1:1 vol/vol) extracts of dried, pulverized root bark of Z. zanthoxyloides. The isolated compounds include dihydrochelerythrine C 21 10 Detailed isolation procedure and spectroscopic data for these compounds are provided in the supporting information.
General procedures
Column chromatography was carried out on silica gel (0.06-0.2 mm, Merck) to isolate compounds from the plant extracts. Pre-coated silica gel plates (60 F254, Merck) were used to perform analytical TLC. The spots on TLC plates were visualized using a UV lamp (254 and 360 nm). Gel filtration was performed on Sephadex LH-20. Mass measurements were done using LC-HRMS-ESI on an LTQ Orbitrap spectrometer (Thermo Scientific, USA). 1D and 2D NMR spectra were recorded on Bruker Avance 500 and Avance III 600 Spectrometers using standard pulse sequences and referenced with residual solvent peaks ( 1 H: δ 5.32 for CD 2 Cl 2 and 2.50 for DMSO-d 6 ); 13 C NMR 53.8 for CD 2 Cl 2 and 39.5
for DMSO-d 6 ). Cells were cultured in standard media; Dulbecco's modified eagle medium (DMEM) or minimum essential medium (MEM) and supplemented with phosphate-buffered saline (PBS), Fetal bovine serum (FBS), penicillin and streptomycin in an atmosphere of 5% CO 2 at 37°C.
In vitro antiproliferative activity
All test compounds were dissolved in DMSO at a final concentration of 50 mM and stored at −20°C before use. Cytotoxicity was assessed by using the 3-(4,5-dimethylthiazole-2yl)-2,5-diphenyltetrazolium bromide (MTT) (5 mg/ml) assay as previously described. 25 Briefly, 4x10 3 cells per well were seeded in 96-well plates before drug treatments. After overnight incubation, the cells were exposed to different concentrations of selected compounds (0.19-100 μM) for 72 hr. Cells without drug treatment were used as control. Subsequently, 10 μl of 5 mg/mL MTT solution was added to each well and incubated at 37°C for 4 hr followed by addition of 100 μl solubilization buffer (10 mM HCl in a solution of 10% of SDS) and overnight incubation. Absorbance at 570 nm was then determined in each well on the next day. The percentage of cell viability was calculated using the following formula: Cell viability (%) = A treated /A control × 100. A representative graph of at least three independent experiments is shown in the supporting information.
In silico molecular docking studies
Molecular operating environment (MOE) software, version 2008.10 (Chemical Computing Group ULC) was used for all in silico operations; including structure optimization, target preparation and molecular docking simulations. 26 Default settings in the MOE docking simulation tool were used for docking using the London dG scoring function. Before docking simulations were performed, ligands and proteins were prepared and the docking method was validated as described herein.
Ligand preparation
2D structures of the molecules were drawn using Chembiodraw ultra software, version 12.0 (PerkinElmer) and imported into the MOE structure builder tool as SMILES string to generate 3D structures. The energy of the 3D molecules was minimized by applying the Hamiltonian MMFF94X force field. The minimized molecules were used to develop a local compound library for docking simulations.
Protein preparation
The crystal structures of the following protein molecular targets involved in the p53 pathway namely; MDM2 (1RV1), P21 WAF1/CIP1 (2X4Z), CDK2 (1DI8, 1PYE), CDK6 (1XO2), Bcl-2 (2O2F), Caspase 3 (3DEI) and Caspase 8 (3KJQ) were retrieved from the protein data bank (PDB). 27 The proteins were protonated using the 3D protonate tool in MOE, partial charges were added, unbound water molecules were removed and the energy of the protein was minimized by applying the empirical Hamiltonian MMFF94X force field.
Docking method validation
The docking method was first validated by self-docking the co-crystallized ligand into the active site of the native protein. Here an induced-fit docking mode was adopted (where both the ligand and the amino acid side chains were left flexible in order to achieve an optimal fit). 26 The reproducibility of the docking method was based on the RMSD between the re-docked conformation to the experimentally determined conformation of the native ligand. RMSD value < 2Å was considered acceptable. The binding affinities measured in terms of S-score in Kcal/mol were used for comparison with the binding affinities of the test ligands.
In silico Docking of Compound Library
The compound library of the secondary metabolites was docked into the inhibitor binding site of the target proteins. The resultant docking poses of the ligands were ranked based on the S-score, in this case, the more negative the S-score, the stronger the binding affinity to the target protein.
Pharmacological and Drug Likeness Properties
Drug likeness and pharmacological properties such as absorption, distribution, metabolism, excretion and toxicity (ADMET) profiles of the compounds were evaluated using the online SWISS ADME program. 28 
Statistical Analysis
All the experiments for antiproliferative activity were carried out in triplicate and the results represent an average of replicate measurements. The IC 50 values were processed using Graphpad Prism software Version 5.0.
RESULTS
Compounds Isolated from Z. zanthoxyloides
The MeOH:CH 2 Cl 2 extract of the root bark of Z. zanthoxyloides upon chromatographic separation yielded five compounds ( Figure 1 ) and identified as dihydrochelerythrine (1), 21 skimmianine (2), 22 tridecan-2-one (3), 29,30 sesamin (4), 9, 24, 30 and hesperidin (5) . 10 NMR spectral data for all the compounds are available as supporting information.
In vitro cytotoxicity evaluation
Cytotoxicity of the isolated secondary metabolites was evaluated against a panel of 7 cancer cell lines including; renal cancer (786-0), breast cancer cells (MCF-7, BT549), liver cancer cells (HCC and HepG 2 ), lung cancer cells (HEp 2 ), adenocarcinoma human alveolar basal epithelial cells (A549) and three normal human cells namely; immortalized human bronchial epithelial cells (BEAS), immortalized human liver cells (LO 2 ), immortalized breast cells (MCF-10a). The results are presented in Table 1 . Based on the proposed limits of cytotoxicity of secondary metabolites in the literature, 31 most of the compounds showed selective inhibitory activity against the tested cell lines. Dihydrochelerythrine (1) inhibited proliferation of breast cancer cells BT549 (IC 50 21.2 μM), hepatocellular carcinoma (HCC) (IC 50 8.9 µM) and showed low cytotoxicity against HeP2 cells (IC 50 64.0 μM). Meanwhile. sesamin (4) showed moderate cytotoxicity against breast cancer cells BT549 (IC 50 47.6 μM). On the other hand, hesperidin (5) showed low inhibitory activity against the proliferation of A549 and HeP2 cancer cells (IC 50 64.7 and 67.5 μM respectively). However, 5 exhibited significant toxicity against immortalized lung cells (BEAS, IC 50 7.1 µM) and normal liver cell LO 2 (IC 50 30.6 µM). High toxicity against the normal cells (BEAS and LO 2 ) was also observed for the reference drug, paclitaxel. Skimmianine (2) and tridecan-2-one (3) did not show any inhibitory activity against the tested cells. All the tested compounds did not show any significant cytotoxicity against the normal breast cell MCF-10a (IC 50 >100).
In silico Docking Evaluation of Anticancer Mechanism of Action Validation of the Docking Method
The co-crystallized ligands in the crystal structure of the target proteins were used as control ligands for docking reproducibility. The validity of the docking method was evaluated based on the Root Mean Square Deviation (RMSD) upon superposition of the best-docked pose to the conformation of the experimental native ligand. Table 2 shows RMSD values and binding affinities of the re-docked ligands. The low RMSD values (<2 Å) of the docked and experimental conformations of the cocrystallized ligand indicates similarity in binding orientations of the cocrystallized ligand. 32 Figure 2 shows the best-docked conformations of the re-docked native ligands (red) superposed on their native conformations (grey) in the binding sites of the respective proteins.
In silico Docking Studies
Previous in vitro studies indicate that some of the compounds isolated from the genus Zanthoxylum exert their anticancer activity through induction of apoptosis and cell cycle arrest. 33, 34 Based on the results of our in vitro antiproliferative activities, it was inferred that some of the isolated compounds reported herein inhibit cancer cell proliferation by causing cell cycle arrest and apoptosis. In that regard, we attempted to elucidate the probable anticancer mechanism of action of the isolated compounds against protein targets in the p53 pathway. Binding affinities and hydrogen bond interactions were used to measure the extent of protein-ligand interactions and compared with those of the co-crystallized ligands. The docking results here show that all the docked compounds weakly bind to MDM2 with the best binding energy of -20.12 kcal/mol for hesperidin (5) as compared to the known inhibitor imidazoline (binding energy -26.74 kcal/mol) (Supplementary Information). Hesperidin (5) forms one hydrogen bond interaction with amino acid Lys94 in the binding site of MDM2 while similar amino acid residues are involved in hydrophobic interaction of MDM2 with the docked compounds and imidazoline (Figure 3) . These results suggest that hesperidin (5) could inhibit p53-MDM2 interaction thereby activating the p53 pathway consequently inducing apoptosis. P21 WAF1/CIP1 ) is one of the downstream targets of p53 and an inhibitor of CDK which is activated upon DNA damage thus, inducing cell cycle arrest. 35 Previous studies indicate that p21 WAF1/CIP1 deficient thymocytes underwent rapid apoptosis upon damage. 32 Therefore p21 WAF1/CIP1 is a suitable target for anticancer drug development since, inhibiting p21 WAF1/CIP1 induces cell death by arresting the cell cycle. Docking simulations show that all the docked compounds had feeble interaction with the active site of p21 WAF1/CIP1 with the best binding affinity of -22.17 Kcal/mol for hesperidin (5) compared to the co-crystallized ligand (binding affinity -30.64 Kcal/mol) (Supporting Information). Similar amino acid residues are involved in hydrogen bonding and hydrophobic interactions with the native ligand and the best docked ligand (5) (Figure 4 ) suggesting that hesperidin (5) can be a potential inhibitor of p21 WAF1/CIP1 thus, inhibiting cell proliferation by causing cell cycle arrest. Cyclin-dependent kinases (CDK2 and CDK6) are two cyclin-dependent Ser/Thr kinases which play important roles in cell cycle control, apoptosis, transcription and neuronal functions. 36 They are activated only when bound to cognate regulatory cyclins. 36, 37 Thus, Inhibiting Cyclines (CDK2 and CDK6) would prevent binding to cognate regulatory cyclins consequently causing cell cycle arrest. The docking results indicate that compounds 1, 2, 4 and 5 strongly bind to the active site of CDK2 (binding energies -22.64, -18.54, -20.01 and -29.06, respectively as compared to the native ligand (binding energy -16.76 kcal/mol) (Binding affinities of the other compounds are available as supplementary information). It can be seen in Figure 5 , that the best-docked ligand (hesperidin, 5) showed similar binding mode to the native ligand with extensive hydrogen bonding to similar amino acid residues as the native ligand. This suggests that these compounds can inactivate CDK2 preventing it from binding to its cognate regulatory cyclin consequently leading to cell cycle arrest. Similarly, all the compounds strongly bind to the active site of CDK6 (binding energies > -12.34 kcal/mol) compared to the co-crystallized inhibitor (binding energy -12.34 kcal/mol) ( Figure 6 , Supplementary Information). These results, therefore, suggest that these compounds could induce cell death by causing cell cycle arrest. The BCL-2 family of proteins are key regulators of apoptosis process. However, most cancer cells maintain their immortality through overexpression of anti-apoptotic Bcl-2 proteins which oppose the action of pro-apoptotic proteins BAX and BAK. 38 Thus the Bcl-2 family is interesting targets for most anticancer drugs. Results of the docking simulations indicate that hesperidin (5) strongly binds to the active site of Bcl-2 (binding energy -25.88 kcal/mol) compared to the co-crystallized ligand (binding energy -25.15 kcal/mol) (Binding energies for other ligands are presented in the Supporting Information). This suggests that hesperidin (5) can inhibit Bcl-2 allowing the pro-apoptotic proteins such as BAX and BAK to oligomerize in the mitochondrial membrane consequently facilitating release of caspases thus inducing apoptosis. Similar amino acid residues are involved in the protein-ligand interactions between hesperidin (5) and the native ligand L1O (Figure 7 ). All the compounds 
Pharmacological and Drug Likeness Properties
To support further evaluation and development of the tested compounds, their pharmacological properties (ADME) were analyzed using the online SWISSADME program. 28 Results of the key ADME predictions are presented in Table 4 . Generally, most of the compounds show acceptable pharmacological properties except hesperidin (5) which violates Lipinski rule of 5 with 3 violations. Complete pharmacological properties are shown in the supporting information.
DISCUSSION
The role of natural products in the treatment of different diseases cannot be over emphasized. It is evident that over 60% of drugs used in cancer treatment are natural products or derivatives thereof. 39 Plants are still a focal point of investigation as sources of new drugs for the treatment of cancer and other diseases.
Z. zanthoxyloides is a medicinal plant which has been shown to exhibit several biological activities and a host of compounds have already been reported from this species. 9,10 Some previous studies have reported anticancer activity of extracts and pure compounds isolated from plants in the genus Zanthoxylum. For example, sesamin (4) exhibits inhibitory activity against lung carcinoma (A549) and pancreatic carcinoma (MIA-PaCa) cells with IC 50 values of 37.46 and 34.04 μg/mL. 40 Skimmianine (2) inhibited proliferation of acute lymphoblastic leukemia cancer cell lines (Jurkat), HEP-2, KG-1a and RAJI. In the present study, the antiproliferative activity of compounds from the root bark of Z. zanthoxyloides against other cancer cells is reported. The results demonstrate that dihydrochelerythrine (1) showed significant to moderate inhibitory activity against the proliferation of HCC and breast cancer cell lines (BT549) and no toxicity against normal mammary cells (MCF-10a). Activity of (1) against liver (HCC) and breast (BT549) is reported here for the first time and thus providing additional information on its potential as a lead compound against different cancer cell lines. Whereas hesperidin (5) exhibited low inhibitory activity against the proliferation of HeP 2 and A549 cells, it exhibits high toxicity against normal lung (BEAS) and liver (LO 2 ) cells. Previous studies described in the review by Garg et al. 41 suggest that hesperidin is considered generally safe. There are no reports in the literature about the toxicity of hesperidin (5) against normal lung and liver cells. Only slight side effects were reported in placebo experiments cited in the same review. 41 It has been shown to exert cytotoxic activity against human melanoma (HT-144) and breast cancer (MCF-7) cells with IC 50 of 11 μM. The high toxicity of hesperidin (5) against normal lung (BEAS) and liver (LO 2 ) cells observed in the present study indicates that hesperidin could be harmful to some tissues. We did not observe any significant inhibitory activity of skimmianine (2) and tridecan-2-one (3) against the tested cells. The results of the current study provide more information and highlight the potential of these compounds to be further evaluated as anticancer agents. In studies reported thus far, some of the compounds exert their anticancer effect by causing cell cycle arrest and apoptosis. [42] [43] [44] The results of in-silico investigations demonstrate that most of the compounds can potentially inhibit cancer cell proliferation by causing cell cycle arrest as evidenced by their high binding affinities to CDK2 and CDK6 compared to the native ligands. Feeble binding interactions of all the test compounds with MDM2 and p21 WAF1/ CIP1 compared to the known inhibitors further demonstrates that some of the compounds probably inhibit cancer cell proliferation by inhibiting cyclin-dependent kinases (CDK2 and CDK6) or a totally different pathway. Thus, high binding affinity of hesperidin (5) to the anti-apoptotic protein Bcl-2 and low binding affinity to caspases 8 and 3 illustrates its ability to induce apoptosis by possibly overexpressing caspases 8 and 3. Moreover, all the compounds show low binding affinities to the effector caspases (caspase 8 and caspase 3) suggesting their possible involvement in inducing apoptotic cell death. Although the in silico predictions are not cancer cell-specific, they complement the in vitro antiproliferative activities reported herein. These results, therefore, indicate that some of the compounds from Z. zanthoxyloides are potential lead compounds for further development as anticancer agents. Predictions of the pharmacological properties (ADME) indicate that most of the compounds exhibit acceptable pharmacological properties making them potential lead molecules for further development and evaluation. Hesperidin (5) Skimianine (2) Sesamin (4) Dihydrochelerythrine (1) Tridecan Hesperidin (5) Sesamin (4) Skimmianine (2) Dihydrochelerythrine (1) Tridecan 
CONCLUSION
This study demonstrates that compounds 1, 4 and 5 hold promise as potential anticancer agents. In silico docking studies suggest that some of the compounds inhibit cancer cell proliferation by inducing cell cycle arrest and apoptosis. The results provide additional information on the anticancer activity of compounds from Z. zanthoxyloides against breast, renal, liver and lung cancer cell lines. High in vitro toxicity of hesperidin (5) to normal cells (LO 2 and BEAS) compared to the cancer cells warrant further investigations before any in vivo trials can be conducted.
In vitro and in vivo evaluation of the anticancer mechanism of action is warranted to further understand the anticancer mode of action of these compounds. 
